Background: Several lines of evidence imply that brain-derived neurotrophic factor (BDNF) is involved in the pathophysiology of fibromyalgia (FM); in this regard, patients with FM have altered blood and cerebrospinal fluid levels of BDNF. In this study, we explored the association between BDNF gene polymorphisms and FM susceptibility and the severity of symptoms. Methods: In total, 409 patients with FM and 423 healthy controls in 10 medical centers were enrolled from the Korean nationwide FM survey. The alleles and genotypes at 10 positions in the BDNF gene were genotyped. Results: The allele and genotype frequencies of BDNF rs11030104 differed significantly between the patients with FM and the controls (P = 0.031). The GG genotype of rs11030104 had a protective effect against FM (P = 0.016), and the G allele of rs11030104 was negatively associated with the presence of FM compared with the A allele (P = 0. 013). In comparison, although the allele and genotype frequencies of BDNF rs12273539 did not differ between the two groups, the TT genotype of BDNF rs12273539 was associated with susceptibility to FM (P = 0.038). Haplotype analyses implied that some BDNF haplotypes have a protective effect against FM. Finally, several genotypes and haplotypes of the BDNF gene contributed to specific symptoms of FM. Conclusions: This study is the first to evaluate the associations between BDNF gene polymorphisms and FM. Our results imply that some BDNF single-nucleotide polymorphisms and haplotypes are associated with susceptibility to, and contribute to the symptoms of, FM.
Background
Fibromyalgia (FM) is a common rheumatic syndrome characterized by chronic widespread pain, and is often accompanied by diverse symptoms including fatigue, sleep disorders, memory loss, joint stiffness, and affective distress [1] . The prevalence of FM in the general population is reportedly 1-5%, and it is more prevalent among women than men [2] . Although its pathogenesis is unclear, FM is recognized as an outcome of the interactions of multiple genetic, psychological, neurobiological, and environmental factors [3] .
The familial aggregation observed among patients with FM implies that genetic factors are important contributors to the etiology of FM [4] . Recent genetic studies have advanced our understanding of the pathogenesis of FM. These studies have shown that certain gene polymorphisms alter pain sensitivity and increase susceptibility to FM [5] . In particular, polymorphisms of genes involved in the pain transmission pathway, such as the serotoninergic, dopaminergic, and catecholaminergic systems, have received much attention as possible genetic factors in FM [6, 7] . However, those genetic factors do not fully account for the pathophysiology and symptoms of FM. Therefore, efforts to identify other genetic factors that contribute to FM are ongoing.
Brain-derived neurotrophic factor (BDNF) is involved in neuronal survival, growth, and differentiation during development of the central and peripheral nervous systems [8] . BDNF is important in the transmission of physiologic or pathologic pain [9] . BDNF is responsible for modulation of nociceptive inputs and enhanced hyperalgesia by a N-methyl-D-aspartate (NMDA) receptor-mediated mechanism [10] . Moreover, dysregulation of BDNF in the dorsal root ganglion (DRG) and spinal cord contributes to chronic pain hypersensitivity [11] . In addition, several lines of evidence have converged to imply that BDNF is involved in the pathophysiology of FM. Indeed, patients with FM have been shown to have altered serum and plasma levels of BDNF compared to healthy controls [12] [13] [14] .
However, whether polymorphisms of the BDNF gene are associated with FM remains an open question. The objective of this study was to evaluate the associations between BDNF gene polymorphisms and FM susceptibility and clinical symptoms, using a large population of ethnically homogenous Koreans.
Methods

Study design and population
We performed a multicenter, nationwide FM cohort study (the Korean Nationwide FM Survey) in the Korean population. In the Korean Nationwide FM Survey, we established a prospective cohort to evaluate the pathophysiology of FM, and the clinical manifestations and outcomes of Korean patients with FM. The study participants were recruited from the outpatient rheumatology clinics of 10 medical centers. In this study, a cross-sectional design was employed to evaluate the association between BDNF gene polymorphisms and susceptibility to, and symptom severity of, FM. As reported previously [15] , we enrolled 409 patients with FM (382 women and 27 men) with a mean (SD) age of 48.1 (10.9) years. At the time of the initial diagnosis, patients with FM were diagnosed according to the classification criteria for FM proposed by the American College of Rheumatology (ACR) in 1990 [1] . The mean (SD) symptom duration before diagnosis was 8.5 (8.3) years, and the mean (SD) disease duration after initial diagnosis was 1.9 (3.0) years. Based on health surveys for chronic pain, we recruited 423 healthy controls (397 women, 25 men) with a mean (SD) age of 45.5 (12.5) years and no history of chronic pain, including FM. Healthy controls were recruited randomly, without matching for age or sex, among the individuals visiting the general health examination clinics at each medical center. This research complied with the Helsinki Declaration, and written informed consent was obtained from all participants at the time of recruitment. Exactly the same informed consult form (ICF) and study protocol were provided to the independent Institutional Review Board/Ethics Committee (IRB/EC) at each medical center, and each IRB/EC reviewed the appropriateness of the protocol and risks and benefits to the study participants. Ultimately, the IRB/EC at each medical center independently approved this study without revision of the ICF or study protocol.
Procedures
The patients with FM were interviewed at the time of enrollment to determine their demographics and clinical characteristics, including age, sex, body mass index, and symptom and disease duration. In addition, at enrollment, peripheral venous blood was sampled and then stored in an ethylenediaminetetraacetate (EDTA)-coated tube. Tender points were assessed by thumb palpation according to the standardized tender point survey protocol [16] . The number of tender points was assessed at 18 sites on the body. The intensity at each tender point was assessed by determining the tender point score as follows: 0, no tenderness; 1, light tenderness (confirming answer when asked); 2, moderate tenderness (spontaneous verbal response); and 3, severe tenderness (moving away). Therefore, the number of tender points ranged from 0 to 18, and the possible total scores of the tender points ranged from 0 to 54. Furthermore, extensive clinical assessments of patients with FM enrolled in the cohort were undertaken using a self-report questionnaire and semi-structured questionnaires. The Korean version of the Fibromyalgia Impact Questionnaire (FIQ) was used to assess the functional abilities and severity of FM [17] , and the Brief Fatigue Inventory (BFI) and the Beck Depression Inventory (BDI) were used to evaluate the severity of fatigue and depression, respectively [18, 19] . The 36-item Medical Outcomes Study Short-Form Health Survey (SF-36) was used to access the quality of life of the patients with FM [20] . In addition, we also evaluated the severity of anxiety using the State-Trait Anxiety Inventory (STAI)-I and STAI-II [21] .
The patients had been treated with standard medications for FM, based on the clinical judgment of their attending rheumatologist. Concomitant medications, used at the time of enrollment, included tricyclic antidepressants (TCA), selective serotonin reuptake inhibitors (SSRI), serotonin-norepinephrine reuptake inhibitors (SNRI), pregabalin, gabapentin, nonsteroidal anti-inflammatory drugs (NSAIDs), acetaminophen, benzodiazepine, tramadol, and muscle relaxants.
Genotyping of BDNF polymorphisms
The assay reagents for rs2883187(C > T), rs7103873 (G > C), rs7103411(C > T), rs10835210(C > A), rs11030104 (A > G), rs12273539(C > T), rs11030102(C > G), rs11030101(A > T), rs6265(G > A) and rs7124442(C > T) in the BDNF gene were designed by Applied Biosystems (Applied Biosystems). The reagents consisted of TaqMan MGB probes (FAM and VIC dye-labeled). Each reaction (10 μL) comprised 0.125 μL of 40X reagents, 5 μL of 2X TaqMan Genotyping Master Mix (Applied Biosystems) and 2 μL of 50 ng genomic DNA. The PCR conditions were 1 cycle at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. The PCR reactions were performed using an ABI plus instrument (Applied Biosystems). The samples were read and analyzed using ABI plus software (Applied Biosystems). The sequences of the primers used for TaqMan probe genotyping of the BDNF gene are summarized in Table 1 .
Statistical analysis
Statistical analyses were performed using IBM SPSS statistics (SPSS version 21; IBM SPSS Inc., Chicago, IL, USA 
Results
BDNF genotypes and alleles and their association with clinical measurements
The BDNF SNPs were successfully genotyped in all enrolled subjects, except for 5 controls with BDNF rs2883187, 1 patient and 16 controls with BDNF rs7103873, 2 controls with BDNF rs7103411, 1 patient and 10 controls with BDNF rs10835210, 2 patients and 3 controls with BDNF rs11030104, 1 control with BDNF rs12273539, 1 patient and 1 control with BDNF rs11030102, 1 patient and 3 controls with BDNF rs11030101, 1 patient and 4 controls with BDNF rs6265, and 2 patients and 2 controls with BDNF rs7124442. The genotype distributions of the BDNF SNPs were consistent with Hardy-Weinberg equilibrium in both the patients and controls.
Among the BDNF SNPs, the allele and genotype frequencies of BDNF SNP rs11030104 were significantly different between the patients with FM and controls. Furthermore, patients with the GG genotype of rs11030104 were found less frequently in patients with FM after adjusting for age and sex (OR 0.619; 95% confidence interval (CI) 0.419-0.0913; P = 0.016). In addition, the G allele was negatively associated with the presence of FM compared to the A allele (OR = 0.781, 95% CI 0.641-0.950, P = 0.013). In comparison, although the allele and genotype frequencies of the SNPs of BDNF rs12273539 were not significantly different between the patients with FM and controls, the TT genotype of rs12273539 was found more frequently in patients with FM in the age-adjusted and sex-adjusted model (OR 2.586; 95% CI 1.052-6.360; P = 0.038) ( Table 2) .
Within the FM cohort, patients with the CG genotype of BDNF rs11030102 had more severe fatigue symptoms (measured by the BFI) and anxiety symptoms (measured by the STAI-I) than did the other genotypes (P = 0.001 and P = 0.032, respectively). Furthermore, both rs11030101 and rs10835210 were associated with the trait of anxiety (measured by the STAI-II) in patients with FM (P = 0.029 and P = 0.033, respectively). No associations were observed between clinical measurements and the other BDNF SNPs (Table 3) . Table 4 , the total frequency of the other haplotype structures was 30 (3.8%) for patients and 46 (6%) for controls. These haplotypes showed significantly different distributions between the patients with FM and the controls (P = 0.0001; Table 4 ). Among the frequent haplotypes, the TGACCACTGC haplotype was found less frequently in the patients with FM after adjusting for age and sex (OR 0.004, 95% CI 0.0-0.026, P < 0.001; Table 5 ). Interestingly, the TATC CGACCT and TAACTGCCCT haplotypes were not detected in patients with FM (Table 5 ) (both P > 0.05). In the clinical measures, only anxiety, assessed using the STAI-II score, was significantly different among the patients according to BDNF haplotype (Table 6 ).
Discussion
To our knowledge, we were the first to investigate the association between BDNF SNPs and FM. We found that the allele and genotype frequencies of BDNF rs11030104 were significantly different between the patients with FM and the controls. In comparison, although the allele and genotype frequencies of BDNF rs12273539 were not significantly different between the patients with FM and the controls, the TT genotype of BDNF rs12273539 was associated with susceptibility to FM. In addition to the individual SNPs, certain BDNF haplotypes may be protective against FM or contribute to its symptoms. Therefore, our data imply that BDNF gene polymorphisms contribute to the development and symptom severity of FM in the Korean population.
Neurotrophic factors are a family of closely related proteins involved in neuronal survival, growth, and differentiation during development of the nervous system [9] . Neurotrophins comprise four structurally related factors: BDNF, nerve growth factor (NGF), neurotrophin 3 (NT-3), and neurotrophin 4/5 (NT-4/5). Neurotrophins play important roles in the transmission of physiologic and pathologic pain [22] . In particular, BDNF plays key roles in chronic pain conditions. BDNF is synthesized in the DRG, and is transported to the central terminals of the primary afferents in the spinal dorsal horn, where it is involved in the modulation of painful stimuli [9] . BDNF contributes to central sensitization by modulating nociceptive inputs and enhancing hyperalgesia through NMDA-receptor-mediated responses [23] . For these reasons, researchers have been interested in the role of BDNF in chronic pain disorders, including FM [24] . In addition, BDNF plays a role in depressive disorder, which is frequently comorbid with FM; indeed, the serum level of BDNF is altered in patients with depression [25, 26] . Moreover, it can be normalized by antidepressants such as milnacipran [26] , which are frequently used in the treatment of FM.
Several clinical studies have evaluated the role of BDNF in the pathogenesis of FM. Patients with FM have increased levels of BDNF in blood [12, 14] and cerebrospinal fluid [27] compared to healthy controls, implying that BDNF is involved in the pathophysiology of FM. In particular, Zanette et al. reported that serum BDNF levels are inversely associated with the pressure-pain threshold in patients with FM [13] . Furthermore, increased serum BDNF mediates the disinhibition of motor cortex excitability and the function of the descending inhibitory pain modulation system in patients with FM [28] . In fact, recent studies have shown that disruptions in default mode network (DMN) connectivity may be associated with impaired pain modulation, leading to the chronic pain seen in FM [29, 30] . Furthermore, certain BDNF polymorphisms have an effect on specific aspects of brain function such as DMN connectivity, which is currently considered to be central in the pathogenesis of FM [31] . These findings could be a potential explanation that In this study, we found that certain BDNF SNPs are associated with susceptibility to FM. The GG genotype and the G allele of BDNF rs11030104 exert a protective effect against FM. In contrast, although the allele and genotype frequencies of BDNF rs12273539 did not differ between the patients with FM and controls, the TT genotype of BDNF rs12273539 was associated with susceptibility to FM. To date, only one study has evaluated associations between BDNF gene polymorphisms and FM. Xiao et al. [32] evaluated whether the BDNF Val66Met polymorphism was associated with FM; their results implied that the BDNF Val66 Met SNP is associated with a subgroup of patients with FM with high-sensitivity C-reactive protein and high body mass index. Nevertheless, the relative distribution of the BDNF Val66Met SNP did not differ between the patients with FM and healthy controls. Similarly, in our study, BDNF Val66Val Met was not associated with susceptibility to FM. However, our data demonstrate that other BDNF SNPs, such as rs11030104 and rs12273539, were associated with the risk of FM in a Korean population.
Furthermore, our data imply that certain BDNF haplotypes exert a protective effect against FM. A haplotype refers to a particular set of closely linked alleles that are inherited as a unit, and haplotype analysis can reveal the pattern of genetic variation associated with certain diseases [33] . Several haplotypes of certain genes are reportedly significantly associated with FM. Diatchenko et al. [34] reported that the ACCG haplotype, which consists of four SNPs (rs6269, rs4633, rs4818, and rs4680) of the catechol-O-methyltransferase (COMT) gene, is associated with both FM susceptibility and symptom severity [35, 36] . Similarly, we also suggested that a particular haplotype of TRPV2 may be associated with susceptibility to FM [37] . In the current study, our findings imply that BDNF haplotypes may be involved in the pathophysiology of FM.
Notably, we failed to uncover a direct association between BDNF gene polymorphisms and pain-related symptom scales such as the tender point number and count. However, those polymorphisms were related to certain psychological symptoms in patients with FM. In particular, certain BDNF SNPs and haplotypes were associated with anxiety symptoms. Since patients with FM have a significantly higher prevalence of anxiety disorders (13-63.8%) [38] , our findings imply that BDNF gene polymorphisms may indirectly affect FM through their effect on anxiety. However, diverse factors affect the development of FM, including psychological symptoms such as anxiety, so our results should be interpreted carefully.
This study had several limitations. First, it was of a case-control design. Because the purpose of this study was to evaluate the role of BDNF SNPs associated with susceptibility to FM, we adopted a target-gene-based approach. Therefore, like the majority of SNP studies, we selected candidate SNPs for a case-control analysis of their association with FM. Second, the multiple tests performed in this study may have increased the type I error. In genetics, controlling for multiple testing is important in estimating thresholds of significance accurately, particularly in genome-wide association studies (GWAS) [39] . However, in this target-gene-based SNP study, we did not consider the potential effects of multiple testing in the analyses. In fact, most published FM SNP case-control studies have not considered the potential effects of multiple testing. Third, we were unable to prospectively evaluate the associations between BDNF genetic variation and clinical outcomes. Therefore, further studies are needed to investigate the effect of those genetic polymorphisms on the long-term clinical outcomes of patients with FM. Finally, to overcome the insufficient statistical power, we conducted a large-scale study involving > 800 samples. However, our findings should be replicated in a larger population comprising multiple ethnicities.
Conclusions
In this study, we evaluated the association between BDNF polymorphisms and FM in a large sample of the Korean population. We found that BDNF gene polymorphisms influenced susceptibility to FM, and contributed to the severity of certain symptoms of FM. Further evidence from large prospective studies is needed to determine the generalizability of our findings to the broader population and their impact on the clinical outcomes of FM. Moreover, further work is needed to elucidate the biologic and epigenetic mechanisms underlying the complex role of the BDNF gene in FM. 
